A switch in the balance of estradiol feedback actions from negative to positive initiates the GnRH surge, triggering the LH surge that causes ovulation. Using an ovariectomized, estradiol-treated (OVX؉E) mouse model that exhibits daily switches between negative in the morning and positive feedback in the evening, we investigated the roles of fast synaptic transmission in regulating GnRH neuron firing during negative and positive feedback. Targeted extracellular recordings were used to monitor activity of GnRH neurons from OVX؉E and OVX mice in control solution or solution with antagonists to both ionotropic glutamate and ␥-aminobutyric acid receptors (blockade). Blockade had no effect on activity of OVX cells. In contrast, in OVX؉E cells in the morning, blockade increased activity compared with control cells, whereas in the evening, blockade decreased activity. In vivo barbiturate sedation of OVX؉E mice that blocked LH surge induction prevented the in vitro evening changes in firing rate and response to blockade. These observations suggest at least partial inversion of the negativeto-positive switch in estradiol feedback action and indicate that changes in fast synaptic transmission to GnRH neurons and within the network of cells presynaptic to GnRH neurons are critical for mediating estradiol negative and positive feedback actions on GnRH neurons. Fast synaptic transmission may also affect GnRH neuron activity indirectly through altering release of excitatory and inhibitory neuromodulators onto GnRH neurons at specific times of day. Fast synaptic transmission is thus critical for proper generation and timing of the GnRH surge. (Endocrinology 149: 5500 -5508, 2008)
T HE STEROID HORMONE estradiol has profound effects throughout the central nervous system (1) . A principal role for estradiol is in the regulation of the neural signal for ovulation. At the end of the follicular phase of the reproductive cycle (proestrus in rodents), the balance of feedback actions of estradiol on the GnRH neural network switches from negative to positive, leading to an increase in GnRH neuron firing activity (2) . This causes a surge of GnRH release (3) (4) (5) (6) that signals a surge of LH from the pituitary, triggering ovulation. The mechanisms of the GnRH surge and the negative-to-positive switch in estradiol action are not well understood. In rodents the surge appears dependent on not only estradiol feedback but also a daily signal that times the GnRH/LH surge to a particular time of day (i.e. late afternoon in nocturnal species) (2, 7, 8) . There may be some diurnal dependency in humans as the LH surge in women tends to begin in the early morning (9) .
To investigate the mechanisms of estradiol negative (ϪFB) and positive (ϩFB) feedback, we developed a mouse model that exhibits daily switches between ϪFB and ϩFB after ovariectomy and constant replacement of physiological levels of estradiol (2) . As circulating levels of estradiol are constant, the primary variable is the time of day at which experiments are performed, allowing examination of diurnal changes. In this model the firing activity of GnRH neurons from estradioltreated mice is low during ϪFB, but increased during ϩFB; cells from animals not treated with estradiol show no diurnal changes in firing (2) . Estradiol may act directly and/or transsynaptically to mediate these effects (10 -15). Recent work has indicated a role for ␥-aminobutyric acid (GABA), which can excite GnRH neurons via the GABA A receptor (16 -18), in mediating estradiol feedback. Specifically, estradiol decreases GABA transmission to GnRH neurons during ϪFB but increases it during ϩFB (19). Preliminary data suggest similar changes in glutamate transmission mediated by ionotropic receptors on GnRH neurons (20) . Based on these findings, we hypothesized that fast synaptic transmission mediated by GABA and glutamate, two major inputs to GnRH neurons, plays a role in changing GnRH neuron activity during ϪFB and ϩFB.
Here we used single-unit recordings of GnRH neuron firing to investigate the roles of fast synaptic transmission in these different estradiol feedback states. Our results indicate that disturbing fast synaptic transmission disrupts both ϪFB and ϩFB effects of estradiol on GnRH neuron firing activity, suggesting fast synaptic inputs are critical for GnRH surge regulation.
14-h light, 10-h dark cycle (lights off 1630 h EST) with Harlan 2916 food and water available ad libitum. As described previously (2), mice were ovariectomized (OVX) and either simultaneously implanted with a 1.8-cm-long SILASTIC brand capsule (1.98 mm internal ϫ 3.18 mm external diameter, no. 508 -009; Dow Corning, Midland, MI) containing 0.625 g estradiol (E) suspended in sesame oil (OVXϩE, n ϭ 45 mice) or not treated further (OVX, n ϭ 21 mice). OVXϩE treatment in this manner induces daily negative-to-positive switches in estradiol feedback, generating LH surges that peak around the time of lights off (2) . Estradiol was solely administered in vivo and was not present in any recording solutions. A subset of OVXϩE animals received a 60 -65 mg/kg ip injection of Nembutal (Abbott, Abbott Park, IL) on the day of recording to temporarily block neural activity and prevent LH surge induction (22, 23). Animals were typically sedated for 1-2 h. For LH measurements, trunk blood was collected after CO 2 anesthesia. Blood was refrigerated overnight at 4 C and centrifuged for at least 30 min at room temperature (ϳ21-23 C). Serum was stored at Ϫ20 C until assay. Serum LH concentration was determined using a modified, supersensitive two-site mouse LH sandwich RIA (24). All procedures were approved by the University of Virginia Animal Care and Use Committee.
Brain slice preparation
Reagents were purchased from Sigma (St. Louis, MO). Sagittal brain slices (300 m) were prepared 2-4 d after OVX surgery as previously described (2, 25, 26) . Mice were euthanized at either 0900 -0930 h (negative feedback, ϪFB) or 1430 -1500 h (positive feedback, ϩFB). For recording, slices were placed in a chamber on the stage of a BX50WI upright fluorescent microscope (Opelco, Dulles, VA) and superfused at 5-6 ml/min with oxygenated normal saline (NS) maintained at 30 -32 C.
Recordings
Targeted single-unit extracellular recordings (loose-patch) were used because this configuration allows recording with minimal impact on the behavior of the recorded cell (26). Recordings were performed between 1030 and 1400 h (ϪFB) or 1600 and 1930 h (ϩFB). Up to three cells per animal, two cells per treatment, and only one cell per slice were recorded. Recording pipettes (1-3 m⍀) were filled with normal HEPESbuffered solution (26). Seal resistances (5-50 m⍀) were monitored at least every 30 min during recording. Recordings were made in voltage-clamp mode with the pipette holding potential at 0 mV, and signals were filtered at 10 kHz. Cells were recorded for 30 -60 min. If no firing was observed after 60 min, 15 mm KCl was added to the bath solution to depolarize cells and induce firing for confirmation of recording integrity and cell health. If no firing occurred with KCl treatment, the data were discarded.
For on-cell measurements of GnRH neuron responsiveness to local rapid GABA application, recording pipettes were filled with a solution containing (in millimoles) 125 K-gluconate, 20 KCl, 10 HEPES, 5 EGTA, 4 MgATP, 0.4 NaGTP, and 0.1 CaCl 2 , and a gigaohm seal was formed between the pipette and the GnRH neuron. A pressure pipette containing 1 mm GABA in HEPES-buffered solution was placed adjacent to the cell body, and GABA was applied via a 5-msec pulse of 5-10 lb/in. 2 as described previously (16). Action current spikes were detected with the pipette holding potential at 0 mV and signals filtered at 10 kHz. Seal resistance was monitored every 60 sec and remained greater than 1 G⍀.
Drug treatments
Bath solution either contained NS alone or NS with the addition of D(-)2-amino-5-phosphonovaleric acid (APV; 20 m) and 6-cyano-7-nitroquinoxaline (CNQX; 10 -20 m) to block ionotropic glutamate receptors and picrotoxinin (100 m) to block GABA A receptors (blockade). Blockade-treated cells were preincubated in blockade solution for 15 min or longer before recording. Order of recording was randomized between control and blockade-treated cells so that times of recording were equivalent between treatment groups for each time of day. Recordings of GnRH neuron responsiveness to GABA application were performed in either NS alone or the presence of APV and CNQX.
Data analysis
For extracellular recordings, each time the recording trace crossed the threshold for event detection, 10 msec worth of data centered on the threshold crossing were recorded and stored to a digital file. Events were confirmed off line using custom programs in Igor Pro (26) and binned at 1-min intervals. Binned data were transferred to Excel (Microsoft, Redmond, WA) and InStat or Prism4 (GraphPad, San Diego, CA) for further analysis. Data were analyzed for mean firing rate, percentage of time spent in quiescence, and duration of quiescence. Mean firing rate (Hertz) was calculated by dividing the total number of events over the duration of recording. Quiescence was defined as 1-min bins containing one or fewer event. The percentage of bins that were quiescent and the longest duration of consecutive quiescent bins were calculated for each cell. Percentage of quiescence provides a measure of overall activity, whereas changes in the duration of quiescent time indicate changes in the pattern of firing. Firing data were log transformed and group means compared using two-way ANOVA followed by Bonferroni multiple comparisons tests. Comparison of firing in medial vs. lateral slices was done using two-tailed t tests. LH levels were compared using nonparametric Kruskal-Wallis followed by Dunn's multiple comparisons tests. Data are presented as mean Ϯ sem. Statistical significance was set at P Ͻ 0.05.
Results

Effects of anatomical location on GnRH neuron firing during estradiol ϩFB
GnRH neurons receive synaptic inputs that arise from several anatomically diverse areas (13, 27, 28). Furthermore, the scattered nature of GnRH neurons suggests that there may be subpopulations that function in specific ways (19, 29, 30) . Previously, we examined changes in firing activity of GnRH neurons in coronal slices (2) and did not observe any differences in firing based on anatomical location. In more recent work, however, we showed that during ϩFB GABA transmission to GnRH neurons in sagittal slices is elevated in medial slices but lower in lateral slices (19). Here we investigated the effect of anatomical location on firing of GnRH neurons from OVXϩE mice in sagittal slices during ϩFB. Preparation of 300-m sagittal slices typically yields five slices containing GnRH neurons; the middle slice (midsagittal) and the first slice on either side (parasagittal) were designated as medial, and the other two slices as lateral. Cells recorded in medial slices (n ϭ 14 cells from 13 mice) showed significantly higher firing activity than cells in lateral slices (n ϭ 5 cells from five mice) as measured by increased mean firing rate and decreased percentage of time in quiescence and duration of quiescent time (P Ͻ 0.05 all parameters) (Fig. 1 ). This effect correlates well with the patterns of both cFos expression (31) and GABA transmission (19) during the surge. Furthermore, these data in sagittal slices support and extend our previous findings in coronal slices (2), indicating components of the surge mechanism persist in the brain slice preparation. As the cells that underlie surge generation appear to be primarily located in medial sagittal slices, medial slices were used for the remainder of the experiments.
Fast synaptic transmission blockade increases GnRH neuron firing at the normal time of estradiol ϪFB
To investigate the roles of fast synaptic transmission in regulating GnRH neuron firing activity, cells were recorded in either control normal saline (NS) or in NS with ionotropic glutamate and GABA receptor antagonists added (blockade) to block fast synaptic transmission throughout the brain slice network. Under normal conditions, excitatory and inhibitory transmission are maintained in a balanced state in the network. Blocking one but not the other can lead to network imbalances that are evident in experiments, such as these, in which the spontaneous firing rate of a neuron is monitored and no voltage control is imposed on the recorded cell by the amplifier. In particular, blocking GABA A receptors alone can disinhibit excitatory transmission, mainly mediated by ionotropic glutamate receptors. This is used as an in vitro model for epilepsy (32). In GnRH neurons, when ionotropic glutamate receptors are already blocked subsequent blockade of GABA A receptors decreases firing rate (17), whereas blockade of GABA A receptors alone increases firing, likely through disinhibition mediated via increased glutamatergic transmission (17, 33). To avoid this problem here, both GABA and glutamate receptors were simultaneously blocked to preclude changes in firing activity attributable to network imbalances of excitatory and inhibitory neurotransmission. Because ionotropic receptors are blocked throughout the slice preparation, this technique cannot precisely specify locations of altered fast synaptic transmission within the network. It can, however, allow for assessment of roles of fast synaptic transmission in the network as a whole and, in combination with complementary studies examining changes in fast synaptic transmission directly to GnRH neurons (19, 20) , may provide at least preliminary information on direct vs. indirect actions of altered fast synaptic transmission.
During the time of ϪFB (1030 -1400 h) in estradiol-treated animals in vivo, control cells in brain slices from OVXϩE mice show reduced activity compared with cells from OVX mice (OVXϩE, 0.04 Ϯ 0.02 Hz, n ϭ 9 cells from eight mice; OVX, 0.18 Ϯ 0.06 Hz, n ϭ 11 cells from eight mice; P Ͻ 0.01), confirming previous results (2) . In OVXϩE cells during ϪFB, blockade markedly increased firing activity relative to that in control solution (n ϭ 8 cells from seven mice). Representative examples are shown in Fig. 2, A and B. Firing parameters from these recordings were quantified revealing that blockade increased mean firing rate and decreased percentage and duration of quiescent time (P Ͻ 0.01) (Fig. 2, C-E) . Interestingly during ϪFB, the level of firing induced by blockade treatment of OVXϩE cells surpassed even that in control OVX cells (see Fig. 6 ) (mean firing rate, percentage, and duration of quiescent time, P Ͻ 0.05).
Blockade decreases GnRH neuron firing during the normal time of estradiol ϩFB
As previously reported (2), during ϩFB control cells from OVXϩE mice show increased activity, compared with control OVX cells (OVXϩE, 0.85 Ϯ 0.2 Hz, n ϭ 14 cells from 13 mice; OVX, 0.3 Ϯ 0.06 Hz, n ϭ 13 cells from 10 mice; P Ͻ 0.05). In contrast, blockade-treated cells (n ϭ 14 cells from 13 mice) from OVXϩE mice showed decreased mean firing rate (P Ͻ 0.05) and increased percentage and duration of quiescent time (P Ͻ 0.05), compared with control cells from OVXϩE mice (Fig. 3) .
Blockade reverses diurnal changes in GnRH neuron firing activity
Control OVXϩE cells exhibited large diurnal changes in firing, with increased firing activity during ϩFB compared with ϪFB, as previously shown in coronal slices (2) . Interestingly, blockade reversed some diurnal changes in firing observed in control conditions. These changes are easier to see by plotting ϪFB and ϩFB values for control and blockade cells side by side, as shown in Fig. 4 . Specifically, during ϪFB blockade cells showed increased activity quantified as decreased percentage (P Ͻ 0.05) and duration of quiescent time (P Ͻ 0.01), compared with ϩFB. Although there is a trend toward decreased mean firing rate during ϩFB, compared with ϪFB this effect was not statistically significant (P Ͼ 0.05), suggesting other factors in addition to GABA/glutamate may be involved in driving increased GnRH neuron firing activity during ϩFB or suppressing activity during ϪFB.
In vivo barbiturate sedation prevents both increased firing during ϩFB and the change in response to blockade at this time
If fast synaptic transmission is critical to the negative-topositive switch in estradiol action, as indicated by the partial reversal of diurnal changes in blockade-treated cells (Fig. 4) , a sedation treatment to block ovulation presumably at the central level (22, 23) would likely prevent the diurnal changes in GnRH neuron firing and alter the response to in vitro blockade treatment. To test this possibility, we first established the time of sedation that effectively blocked the LH surge. Sedation for 1-2 h, beginning at 1100 h (5.5 h before lights out) on the day of recording was shown to block LH surge induction as measured in serum LH levels at 1600 h (sedated, n ϭ 7 mice; control, n ϭ 6 mice; P Ͻ 0.05 vs. control) (Fig. 5A) ; sedation at later times of day did not block the LH surge (1200 h, 1300 h, n ϭ 3 mice each) (Fig. 5A) , recapitulating studies in the rat, indicating that there is a critical window during which the LH surge and ovulation can be blocked (22, 23) but after which the surge and ovulation become inevitable.
GnRH neurons from 1100 h-sedated animals recorded in control solution during the normal time of ϩFB (n ϭ 8 cells from eight mice) showed decreased mean firing rate, compared with cells from unsedated control animals (P Ͻ 0.01) (Fig. 5, B and C) . In contrast, blockade-treated cells from sedated animals (n ϭ 7 cells from six mice) showed increased activity, compared with cells from sedated animals recorded in control solution (Fig. 5, B-E) , reflected as increased mean firing rate (P Ͻ 0.001) and decreased quiescence (P Ͻ 0.05). Note the direction of response to blockade treatment in cells from sedated mice recorded during the normal time of ϩFB is similar to that observed during the time of ϪFB in cells from unsedated mice. Thus, a treatment that inhibits the diurnal switch in estradiol feedback action on LH also interferes with the diurnal changes in GnRH neuron firing and responsiveness to fast synaptic transmission blockade that are characteristic of ϩFB.
Estradiol is required for a response to fast synaptic transmission blockade
To examine whether estradiol is required for a response to fast synaptic transmission blockade, firing activity of GnRH neurons from OVX mice not treated with estradiol was recorded in control and blockade solutions. Blockade did not alter any measure of firing activity in OVX cells either during ϪFB (n ϭ 11 cells from eight mice control; n ϭ 6 cells from six mice blockade) or ϩFB (n ϭ 13 cells from 10 mice control; n ϭ 8 cells from eight mice blockade) (Fig. 6) . Thus, estradiol is required for a response of GnRH neuron firing activity to blockade of fast synaptic transmission, just as it is required for the normal diurnal change in firing (2) and changes in fast synaptic transmission (19) to GnRH neurons in this model.
GnRH neurons can be excited by GABA A receptor activation during both ϪFB and ϩFB
It is possible that the diurnal shift in response to fast synaptic transmission blockade reflects a diurnally regulated change in the direction of response to GABA A receptor activation in GnRH neurons. Such shifts have been suggested to underlie circadian changes in firing in the suprachiasmatic nucleus (SCN) (34 -36). Previous work indicated that GABA A receptor activation in GnRH neurons is excitatory throughout the circadian cycle (16) and on all days of the estrous cycle in the rat (18). These studies, however, were performed before the daily LH surge model used here was developed. To examine whether the response to GABA A receptor activation may vary with time of day in this model, we assessed the response of GnRH neurons from OVXϩE mice to local, rapid GABA application during ϪFB (n ϭ 7 cells from four mice) and ϩFB (n ϭ 6 cells from two mice). The on-cell recording configuration was used to preserve the internal chloride milieu of the recorded GnRH neuron, and thus, the response to GABA. Rapid GABA application elicited action currents in GnRH neurons during both ϪFB and ϩFB (Fig. 7, A and B) , suggesting that chloride homeostasis in GnRH neurons does not change sufficiently in a diurnal manner to alter the direction of response to GABA A receptor activation. Although GABA action is excitatory during both ϪFB and ϩFB, the number of action currents elicited by the local application of GABA tended to be less during ϪFB, perhaps indicating the magnitude of excitation may be reduced in ϪFB. Importantly, GABA application elicited firing in GnRH neurons in both the presence and absence of APV and CNQX (Fig. 7 and C), indicating that excitation of GnRH neurons by GABA is not dependent on the absence of endogenous glutamatergic input.
Discussion
The mechanisms of estradiol negative and positive actions on the GnRH network, and switches between the two, remain fundamental questions. Here we present evidence that fast synaptic transmission plays a significant role in mediating both negative and positive feedback effects of estradiol. Blockade of fast synaptic transmission increased GnRH neuron firing during the normal time of ϪFB, but decreased it during ϩFB, suggesting fast transmission mediated by GABA and glutamate is required for both generating and timing the different estradiol feedback actions. A caveat to working in a brain slice preparation is that normal network circuitry is inevitably disrupted. The maintenance of diurnal and estradiol-dependent changes in GnRH neuron firing and synaptic transmission that directly correlate with changing in vivo LH levels, however, suggests that at least parts of the network sufficient to regulate the normal changes in GnRH neuron activity characteristic of ϪFB and ϩFB are functionally maintained in the slice preparation. This is consistent with findings in other brain slice preparations in which circuitry has been examined (37, 38) .
Estradiol may influence synaptic transmission to GnRH neurons by acting on cells that are directly presynaptic to GnRH neurons (first order) and/or on cells that communicate indirectly to GnRH neurons through other cells (second order and above). Previous whole-animal studies measuring neurotransmitter levels in the preoptic area showed that GABA levels decline before and during the LH surge (39 -42) , and glutamate release in the preoptic area increases during the LH surge (43) . Alterations in neurotransmitter concentrations, however, do not provide information regarding which neurons are affected by these changes. It is possible lower GABA levels are required to diminish inhibition on upstream inputs (which are presumably inhibited by GABA A receptor activation, in contrast to GnRH neurons), which thereby induce increases in GnRH neuron activity.
During ϪFB, fast synaptic transmission to GnRH neurons via first-order GABA/glutamate neurons is of low frequency and amplitude (19, 20) . This relative lack of excitatory transmission likely is one contributor to the low level of GnRH neuron activity during ϪFB. Both GABA and glutamate depolarize GnRH neurons during both negative and positive feedback. This makes the increase in activity when their receptors are blocked during ϪFB appear paradoxical. One possibility is that the low amplitude of GABAergic postsynaptic currents in GnRH neurons during ϪFB (19) could have an inhibitory effect. Specifically, subthreshold depolarizing GABA postsynaptic potentials may act in a shunting manner to decrease GnRH neuron excitability by increasing membrane conductance, thereby reducing the response to excitatory transmission or intrinsic conductances (44, 45) . Although such depolarizing inhibition may occur during ϪFB, the low frequency of transmission at this time (19) suggests this effect would be minor and likely does not explain the large increase in firing after simultaneous blockade of ionotropic GABA and glutamate receptors at this time. An al- ternative, speculative explanation is that during ϪFB estradiol acts on second-order cells to alter fast synaptic transmission to first-order presynaptic cells, which in turn lower GnRH neuron firing through mechanisms other than GABA/glutamate transmission, such as neuromodulators. Disruption of fast synaptic transmission by blockade would alter the activity of these neuromodulatory first-order presynaptic cells to decrease release of inhibitory and/or increase release of excitatory factors and thereby increase GnRH neuron activity.
In contrast to the low rate of GABA/glutamate transmission to GnRH neurons during ϪFB, during ϩFB, transmission directly to GnRH neurons is elevated (19, 20) . Under these conditions, the decreased firing caused by blockade suggests the estradiol-induced increase in GABA/glutamate transmission from first-order neurons directly to GnRH neurons is critical to increase firing at this time. Blockade treatment would also block fast synaptic transmission between second-order cells and first-order cells and thus may also alter release of neuromodulators from first-order cells onto GnRH neurons.
The areas in which estradiol acts to induce changes in fast synaptic transmission in association with ϪFB and ϩFB have yet to be determined. The SCN, the central circadian pacemaker (46) , is one candidate. The SCN projects to GnRH neurons (27, 28, 47) and SCN lesions abolish the LH surge (48) . Estradiol feedback and circadian signals may also converge downstream of the SCN, for example in the anteroventral periventricular area (AVPV) because AVPV cells projecting to GnRH neurons express estrogen receptor-␣ (49). The AVPV receives direct input from the SCN (50, 51) , and AVPV lesions also block the LH surge (52) . The SCN and AVPV coexhibit increased cFos expression with GnRH neurons during the GnRH/LH surge (53) (54) (55) . Both of these areas are GABAergic, and cells in the AVPV may also release glutamate (56) .
The role of the circadian system in the control of ovulation in rodents has long been recognized (23, 57-59), but the nature of the daily signal is not precisely known. The present work, in which contrasting responses to the same treatment were elicited at different times of day, potentially via different mechanisms (direct vs. network), suggests a working model in which there is a series of daily signals that coordinate release of inhibitory vs. excitatory factors (and perhaps GnRH neuron response to these factors as well). The balance of these actions determines whether GnRH neuron activity is low or high at a particular time of day. If these coordinated changes do not occur at the proper time of day, the surge and subsequent ovulation are blocked until the critical window is present again (23). Consistent with this, in vivo sedation that blocks LH surge induction also inhibited the increase in GnRH neuron firing. Sedation also changed the response to fast synaptic transmission blockade, suggesting estradiol-induced changes in neurobiological mechanisms were altered by sedation. Notably, cells from animals in which the sedation treatment either did not produce an hour of sedation or in which complete sedation was not achieved until after 1200 h (n ϭ 2 mice, not shown) did not show this effect. This suggests the different firing properties and response to blockade between cells from control and sedated animals are not due to nonspecific neural effects of the sedation treatment but are specific to the time and duration of the sedation. These studies thus link together diurnal changes in firing, alterations in response to blockade, and LH surge induction and further support the hypothesis that increased GnRH neuron activity characteristic of the surge is driven at least in part by changes in fast synaptic transmission. Importantly, if these changes do not occur at the correct time of day, GnRH neuron activity and response to blockade are held back from reaching the ϩFB state.
The importance of generating a GnRH surge to passing on genetic information is sufficient that multiple diurnal signals may be used to generate the surge. Blockade of fast synaptic transmission reversed diurnal changes in firing, profoundly disrupting the timing of estradiol-induced changes in GnRH neuron activity. Increased firing after blockade during ϪFB suggests GnRH neuron responsiveness to excitatory factors is in place before excitatory factors are released (15). This does not exclude the possibility that blockade increases firing activity indirectly by removing inhibitory neuromodulation [such as gonadotropin-inhibitory hormone input (60)] of GnRH neurons. Of interest, the inversion of diurnal changes in mean firing rate was only a strong trend. This suggests other factors [e.g. kisspeptin (55) , vasoactive intestinal polypeptide (61) (62) (63) (64) , or vasopressin (65) (66) (67) ] may help regulate the diurnal increase in GnRH neuron firing activity. This multiplicity underlies the complexity of the surge mechanism, as illustrated in the model proposed here. Previous work in our laboratory on d 5-9 after surgery largely during ϪFB showed that blockade eliminated the effects of estradiol on GnRH neuron firing, so that firing of OVXϩE cells was no longer different from OVX cells (26). Here, in contrast, blockade during ϪFB increased firing of OVXϩE cells to a level significantly higher than that of OVX cells recorded at the same time of day. Several changes in methodology may account for these differences. We used a model in which daily LH surges are generated in OVXϩE mice on d 2-4 after surgery (2) . The LH surge appears to dampen after d 5; replacement of the estradiol capsule at this time restores the surge (Christian, C. A., and S. M. Moenter, unpublished observations). The lack of a positive feedback response after d 5 may reduce the response to blockade. Furthermore, the previous work examined cells in coronal slices, whereas sagittal slices were used here. Slice orientation affects available GABA transmission to GnRH neurons (19) and may influence other forms of neurotransmission as well. These differences notwithstanding, altogether these findings indicate critical roles for estradiol-sensitive afferents in modulating GnRH neuron activity through changes in fast synaptic transmission.
In summary, the present studies indicate critical roles for fast synaptic transmission in mediating both negative and positive actions of estradiol on GnRH neuron firing rate and pattern. These inputs also appear to regulate the diurnal switch between negative and positive feedback and are thus essential for both the generation and proper timing of the GnRH surge. 
